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Abstract:

The contact electrification of insulating organic polymers is still incompletely understood, in part
because multiple fundamental mechanisms may contribute to the movement of charge. This
study describes a mechanism previously unreported in the context of contact electrification: that
is, “contact de-electrification”, a process in which polymers charged to the same polarity
discharge on contact. Both positively charged polymeric beads, e.g., polyamide 6/6 (Nylon) and
polyoxymethylene (Delrin), and negatively charged polymeric beads, e.g.,
polytetrafluoroethylene (Teflon) and polyamide-imide (Torlon), discharge when the like-charged
beads are brought into contact. The beads (both with charges of ~+20 pC/mZ, or ~100
charges/pmz) discharge on contact regardless of whether they are made of the same material, or
of different materials. Discharge is rapid: discharge of flat slabs of like-charged Nylon and
Teflon pieces is completed on a single contact (~3 sec). The charge lost from the polymers
during contact de-electrification transfers onto molecules of gas in the atmosphere. When like-
charged polymers are brought into contact, the increase in electric field at the point of contact
exceeds the dielectric breakdown strength of the atmosphere and ionizes molecules of the gas;
this 1onization thus leads to discharge of the polymers. The detection (using a Faraday Cup) of
charges transferred to the Cup by the ionized gas is compatible with the mechanism. Contact de-
electrification occurs for different polymers and in atmospheres with different values of
dielectric breakdown strength (helium, argon, oxygen, carbon dioxide, nitrogen, and sulfur

hexafluoride): the mechanism thus appears to be general.



INTRODUCTION

In contact electrification, a difference in electrical potential develops when two materials are
brought into contact (either frictional, or, ostensibly, static) and then separated. Although contact
electrification has been studied for more than 2500 years, the underlying physical mechanisms
that govern the separation of charge remain incompletely defined."” Understanding the
mechanisms related to electrification involving contact among multiple bodies is important in
controlling, for example, the flow of granular matter, the processing of pharmaceutical powders,
electrophotography (e.g. photocopying and printing), the movement of small particles (e.g. sand
or fragments of grain) in dust storms and dust clouds (with the possibility of dust explosions),
and the movement of air, water droplets and ice particles in storms (and the generation of

lightning).*

It is probable that contact electrification involves multiple physical mechanisms depending
on materials and circumstance. These mechanisms include transfer of ions, electrons, or small
particles of charged matter, shear in fluids near interfaces, fracture of electrically polarized solids

1,56
and others.

The combination of multiple mechanisms operating concurrently may underlie the
variations in the ordering of materials in the triboelectric series (an empirically organized list of
materials based on their tendency to charge either positively or negatively), in which the
sequence differs slightly among different experimental studies.” In particular, one example is
provided by the observation that some sets of materials (for example, glass, zinc, silk, filter
paper, and cotton) form cyclic triboelectric series — an indication that there may be more than
one physical mechanism responsible for contact electrification.'” Another example involves the

reversal of charge sometimes observed for two different materials when they are brought into

contact over an interval of time.® For example, a bead (polytetrafluoroethylene) charged initially



negatively when in contact with a dish (polystyrene) could become positively charged after
contact with the same dish for longer times. This reversal in polarity suggests the simultaneous
operation of different mechanisms, with different rate constants. It is necessary to identify the
most important mechanisms involved in contact electrification, in order to understand and

control the tribocharging of granular particles.

Contact electrification is intrinsically a dynamic and dissipative process: that is, mechanical
work is required to generate separated charge. In all systems, the amount of charge separated at
steady-state ultimately reaches a limit. A process that reaches a steady-state suggests the
possibility of competing processes that involve both charging and discharging. This paper
describes what we will call “contact de-electrification”, a surprising (at least initially)
phenomenon that has not previously been described in the context of tribocharging: contact of

two already-charged particles with the same polarity that results in their discharge (Figure 1).

In a typical process resulting in contact electrification, contact between two different
materials results in the separation of charge; one material charges positively, while the other
material charges negatively. Overall, this type of process seems to conserve charge between the
materials (Figure 1). Interestingly, particles of the same material can sometimes also separate
charge upon contact; one particle will charge positively, while the second particle of the same

material will charge negatively, again with overall conservation of charge.g’10
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Figure 1. Contact electrification and contact de-electrification. For contact electrification, when

two uncharged objects of different materials are brought into contact and then separated, one of
them charges positively, while the other charges negatively (top left scheme). The overall charge
on the objects is conserved. The same effect has also been demonstrated for two objects of the
same material (top right scheme). In this study, we describe a phenomenon in which the contact
between two initially charged objects results in discharge — a phenomenon, which we refer to as
“contact de-electrification” (bottom scheme). Both initially positively and negatively charged

objects experience the same discharge phenomenon after contact.



Contact Electrification by Electron Transfer. For metal-metal contacts, electrons are
the dominant mobile charged species'' as demonstrated from experiments in which the potential
difference developed between the surfaces of the metals after contact is linearly proportional to
the difference in their work functions. For metal-insulator contact, similar trends with the work
function of the metal have been claimed, and interpreted to suggest that the charge carrier is also

an electron; this result is, however, not universal for all types of polyrners,“’12

and is also open to
other interpretations. There are also suggestions that electrons (or, peculiarly, species called
“cryptoelectrons™) are the charge carrier for insulator-insulator contacts;" cryptoelectrons are

now generally regarded with skepticism.m’16

Contact Electrification by Ion Transfer. Although separation of charges by movement
of electrons is important for metals, it is probably not important in charge separation involving
only insulators. Instead, in the case of insulating surfaces covered with covalently bound ionic
functional groups and mobile counterions, it is clear that the charge carriers are the mobile

1,17-19

counterions. It is possible, although not proved, that this ion transfer mechanism is general

for all types of insulator-insulator contacts.'”

Adsorption of Hydroxide Ions from Thin Water Film. Non-ionic insulators (e.g.,
polytetrafluoroethylene and polystyrene) also develop charge readily by triboelectrification. The
mechanism is less clear than for ionic solids, and may require water. Practically all solid
surfaces, including hydrophobic surfaces, adsorb water from the atmosphere. Experimentally,
when two solid surfaces are brought into contact, the surface with a higher affinity for hydroxide
ions (or, more generally, negatively charged ions) will adsorb more of the hydroxide ions from
the film of adsorbed water than that with the lower affinity, and gain a net negative charge when

the surfaces are separated.' This proposed mechanism is supported’ by an approximately linear

6



relationship between the zeta potential and the amount of charge separated after tribocharging

different types of polymer.

Contact Electrification by Material Transfer. Charge transfer can also occur when
quantities of charged microscopic materials detach from their original surface and attach to the
other contacting surface. Recent results show that material transfer appears to be significant in
some types of contact electrification,”®'* but whether this transfer causes charge separation or

simply correlates with it is difficult to establish.

Mechanisms of Loss of Charge. Mechanisms for loss of charge are not well-studied and
understood, especially for insulators. Highly charged solid surfaces can lose charge when the
electric field on the surface exceeds the dielectric breakdown strength of the surrounding
atmosphere. Examples include field ionization, corona discharge, electrical arcing, partial
discharge (one process responsible for electrical failure of insulating materials), and spontaneous
discharge during tribocharging.>*' Charge can also leak from a charged solid to other grounded

solid surfaces via a layer of adsorbed water on the surface of the solid."

This paper explores the mechanism of contact de-electrification for charged, insulating
polymeric beads. In these experiments, we first charge beads to the same polarity and then bring
the charged beads into contact; this contact results in discharge of the beads. Since charge must
be conserved, the charges that disappear from contacting the like-charged particles must appear
elsewhere. Where? We propose, in the systems studied, that charged polymeric beads discharge

by transfer of charges from the beads to the molecules of gas in the atmosphere.



EXPERIMENTAL DESIGN

Choice of Materials. The polymeric beads used in the experiments were Nylon
(polyamide 6/6), Delrin (polyoxymethylene), Teflon (polytetrafluoroethylene), and Torlon
(polyamide-imide) beads. The reason for using these polymers was because Nylon and Delrin
charged highly positively (~20 pC/mz) while Teflon and Torlon charged highly negatively (~-20
pC/mz) in our experiments, and in accordance with the triboelectric series.” We used
polybutylene terephthalate tweezers for all the physical manipulations of the beads since the
charges on the beads did not change appreciably after handling (more details later). To minimize
the influence of humidity, all experiments were conducted inside a glove bag under an

atmosphere of nitrogen (unless otherwise specified) at ~1 — 2 % relative humidity.

We measured the charges of the beads using a Faraday Cup — a measuring device that
consists of two layers of metal separated by insulating foam, with the inner layer acting as an
electrode and the outer layer grounded — connected to an electrometer.” The electrometer
measured the total charge of any objects placed in the Faraday Cup by recording the equal, but
opposite, amount of charge, O, induced on the electrode of the Faraday Cup. This amount of
charge was stored in an accurately known capacitor, with capacitance, C, in the electrometer.
The electrometer then measured the potential difference, V, across the capacitor and translated V

into Q by the equation Q = CV.

Procedure for Charging Beads. To examine contact de-electrification, we first charged the
beads by contact electrification through agitating two types of polymeric beads — one type of
polymeric beads charged positively, while the other type charged negatively on contact —

loosely packed on a dish with a motor (Figure 2). The advantages of this method, as opposed to



contacting surfaces of the polymers manually, are: 1) the polymeric beads charge consistently to
approximately the same extent on agitation (Figure 3); ii) charging using motor-driven agitation
is self-regulating and independent of the operator; iii) the steady-state charge is high (in our case,

~+20 uC/m?, or ~100 charges/pm2 or 1 charge/ 10*nm?).

An alternative way of charging the beads is by using an antistatic “Zerostat” gun. Although
both triboelectrification and deposition of externally generated charge have the same electrostatic
outcome, they do not necessarily have the same mechanism. It is our intention to show that
contact de-electrification occurs for materials that are charged by contact electrification (not,
e.g., by deposition of charges on the surface). Another disadvantage of charging with the
“Zerostat” gun is that it did not charge the beads to the same level as tribocharging: the amount
of charge deposited by the “Zerostat” gun was only ~10 — 20% of that obtained using the

tribocharging method we describe.

Procedure for Discharging Beads. After charging the beads, the process of discharging
involved bringing two like-charged beads into contact. One way of bringing the beads into
contact was to hold the two beads using two pairs of tweezers, with one pair of tweezers for each
bead. This method (and other methods similar to this procedure), however, involved constant
physical interaction between the charged beads and other solid substrates (e.g., pairs of
tweezers). This interaction could, in principle, allow transfer of charge between the bead and the
solid substrate, and would complicate the discussion of contact de-electrification. In order to
avoid charge transfer from the beads to other solid substrates, we devised a method to hold the
beads so that they could be brought into contact with minimal interaction between the beads and

other solid substrates.



This method consisted of using a substrate (polymethyl-methacrylate, PMMA) with five
pockets arranged in a pentagon for inserting five charged beads (“side beads”) into the pockets
(Figure 2 and Figure S2 in the SI). These five charged beads then served as a bottom platform:
we placed one of the two beads to be brought into contact (“center bead”) in between and on top
of the five beads. Importantly, this center bead was in contact with only like-charged beads and
not with any other solid substrate. We immobilized the other bead to be brought into contact
(“top bead”) on an adhesive surface (a solid polystyrene surface with one of its surfaces covered
with double-sided tape); by immobilizing the top bead, there was minimal interaction between

the top bead and the adhesive solid surface (“top substrate”).

Discharge occurred by bringing the top bead into contact with the center bead. Specifically,
we brought the top substrate (with the top bead on the substrate) toward the other charged beads
and pressed the top bead against the center bead. We then rubbed (with a force that weighed on
the order of 10 g on a balance for ~10-20 s) the surfaces available to the top and center beads
manually by moving the top substrate, while keeping the top bead constantly pressed against the
center bead. The bottom half of the center bead, however, was not accessible to the top bead. The
center bead was, therefore, rotated through an angle of 180° (Figure 2, bottom left scheme) using
a pair of tweezers, so that the bottom, unexposed surface of the center bead became available for
discharge. To ensure that the entire surface of the center bead came into contact with the top
bead, the sequence of rotating and rubbing the beads was repeated in four different directions
(Figure 2, bottom right). We also performed the whole procedure again, so that the center bead
was rotated for a total of eight times, with the process lasting ~3 mins. See SI, Section 1 for more

details on the experimental procedure.

10
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Figure 2. Experimental setup for demonstrating contact de-electrification. The top scheme
illustrates the experimental setup for charging nine beads of a desired polymeric material (blue
beads) against an excess number of beads of a different material that charged oppositely (yellow
beads) in a dish. Beads were charged by contact electrification when they rotated and collided
with one another on the dish agitated by a motor. After charging, seven beads (blue) were
transferred to a platform: five beads (side beads) were placed on a bottom substrate, a sixth bead
(center bead) was placed in between and on top of the five beads and a seventh bead (top bead)
was immobilized on an adhesive surface. Importantly, this arrangement of the beads ensured that
the center bead was only in physical contact with the side and top beads and not with any other
solid substrates. Contact de-electrification occurred when the top bead was rubbed against the
center bead. We rotated the center bead by 180° (bottom left scheme) so that the bottom half of
the bead could be brought into contact with the top bead. We also rotated the center bead along
four different directions (bottom right scheme) and rubbed the top bead against the center bead

after each rotation.
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RESULTS AND DISCUSSION

Materials. We used polymeric beads (Nylon, Teflon, Delrin and Torlon), 1/4-inch in
diameter, in our experiments. The colorless Nylon beads were dyed blue (disperse blue dye) so
that they were visually distinguishable from other colorless beads. Experiments performed on
undyed beads showed that dyed and undyed beads behaved similarly (see SI, Section 2). A
square aluminum dish (inner length 8.8 cm) was used as a container to hold the beads. The type
of dish did not matter: beads of different materials charged similarly on an aluminum (conductor)
dish, a grounded aluminum dish, and a poly (methyl methacrylate) (insulator) dish.> This
observation further indicates that the charges on the beads are not electrons; otherwise the
electrons on the beads would have dissipated into ground in a grounded aluminum dish. Before
the experiments, we rinsed the beads and dish with deionized water and ethanol, and dried them

in a stream of nitrogen.

The polybutylene terephthalate tweezers used to manipulate the beads did not affect charges
on the beads significantly. For example, when we exchanged a charged Nylon or Teflon bead
between two pairs of polybutylene terephthalate tweezers 20 times, the charges of the beads

increased by only 4 + 6 % and 2 + 2% respectively.

Preparation of Charged Beads. In order to charge the beads, we placed nine beads of a
desired material (evenly spaced and loosely packed) with an excess (199) of beads of a different
material (see the exact arrangement of the beads in Figure 2, top scheme). In our experiments,
we charged Nylon (positively-charged) with excess Teflon (negatively-charged), Teflon with
excess Nylon, Delrin (positively-charged) with excess Teflon, and Torlon (negatively-charged)

with excess Delrin. A linear motor agitated the dish at an amplitude of 9 mm at 6 Hz for 3 mins

13



under a nitrogen atmosphere (unless other specified), and at a relative humidity of ~1 —2 %. The

beads were free to rotate and collide with each other in the dish.

The Seven-Bead Configuration for Studying Charge Dissipation. We transferred five
charged beads from the dish to the bottom substrate (side beads, see Figure 2) and placed a sixth
bead (center bead) on top of the five beads. A seventh bead (top bead) was placed on a rigid

adhesive surface (double-sided tape on polystyrene).

After rubbing (using the procedure described), the center bead discharged almost completely
for all the four polymers studied (Figure 3a). Charge on each side and top bead also decreased —

the result was an overall reduction in the total charge carried by the seven beads after contact.

Discharge is not specific to this particular experimental setup. When charged beads come
into contact with like-charged beads, they discharge; the extent of discharge, however, depends
on the fraction of the surface brought into contact. Any other experiment that allows the entire
surfaces of the beads to come into contact will result in complete discharge (see SI, Section 3 for
another experiment in which like-charged beads discharged when they interacted in a container

agitated by a motor).

14
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Figure 3. Charge density on the beads before and after contact de-electrification. (a) Bar graphs
show the initial (for each bead before contact) and final (after contact) charge densities on the
beads when beads of the same materials were brought into contact. These results show that the
center bead discharged almost completely for the four types of polymers studied. (b) When beads
of different materials were brought into contact, the center bead also discharged. Shown in the
graph are two cases in which a mixture of Nylon and Delrin and a mixture of Torlon and Teflon

beads were used. (n > 10 for all cases)
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Contact de-electrification also occurred for beads of different materials charged to the same
polarity. In one experiment, we first charged a mixture of Nylon (positively charged) and Delrin
(positively charged) beads against an excess of Teflon (negatively charged) beads. The center
bead was Nylon, and the side and top beads were Delrin. In another experiment, we charged a
mixture of Teflon (negatively charged) and Torlon (negatively charged) beads against an excess
of Nylon (positively charged) beads. In this case, the center bead was Torlon whereas the side
and top beads were Teflon. Results (Figure 3b) show that the center beads discharged after

contact for both cases.

To summarize the results of these experiments, it seems that insulating polymeric beads —
regardless of the type of material — that are initially charged to the same polarity, discharge
when they come into contact. After the initial charging, charges remained on the beads for hours
when left undisturbed. For example, for highly charged Nylon and Teflon beads (approx. £20
pC/mZ), charges decreased by only ~12% after 10 hours (in a nitrogen atmosphere with a relative
humidity of 1 —2 %). So, where did the charges — particularly, the charges on the center bead

— go when the beads were brought into contact?

Influence of Atmosphere on Discharge. Contact de-electrification occurred for atmospheres
of different dielectric breakdown strengths: helium (0.15), argon (0.5), oxygen (0.87), carbon
dioxide (0.88), nitrogen (1), and sulfur hexafluoride (2.5), where the numbers (unitless) in the
parenthesis represent the dielectric breakdown strength of the gases relative to nitrogen.***
Before performing the experiment, we purged the glove bag with one of the gases listed above
until the relative humidity dropped to ~1 — 3 %. Under the same gaseous atmosphere, Nylon

beads were charged according to the procedure as illustrated in the top scheme of Figure 2. The

charge on the beads after charging increased approximately with increasing dielectric breakdown

16



strength of the atmosphere (Figure 4). This trend agrees with previous results from our group18
and is compatible with the hypothesis that the amount of charge accumulated on the beads while
charging is a result of a balance between contact charging, and discharge due to leakage of
charge into the atmosphere (see SI, Section 4 for a discussion on the dependence of the dielectric

breakdown strength with the composition of the atmosphere consisting of a mixture of gases).

The charged beads were then discharged according to the same procedure shown in Figure 2.
We used the same gaseous atmosphere for both charging and discharging. Despite the
differences in initial charge, our results show that the center bead discharges almost completely
after contact, in all the different atmospheres investigated. This result suggests that contact de-

electrification is general, regardless of the type of gaseous atmosphere involved.

Charge Transfer from Charged Polymeric Beads onto the Solid Substrates is Not
Significant. One possible mechanism for discharge is that charge (especially on the center bead)
dissipated, by some mechanism, into the top and bottom substrates holding the beads. In order to
test this possibility, we measured the charges on the substrates and the beads before and after
contact de-electrification. The Nylon beads were charged and discharged using the procedure
illustrated in Figure 2 under a dry nitrogen atmosphere. The bar graphs in Figure 5 show that
there was no significant difference in the magnitude of charge on the solid substrates before and
after discharge resulting from bringing the beads into contact; however, there was an overall
reduction in total charge of the seven beads. This result shows that charges from the beads did
not dissipate into the solid substrates. Results from previous work agree with this finding: there
is no detectable migration of charges across polymer surfaces.”® Thus, it is unlikely that charge

migrates/dissipates from the center bead, via other beads, and onto the solid substrates.

17
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Charge Dissipates by Transfer to Molecules of Gas in the Surrounding. If charges are
not transferred into the surrounding solid substrate, the only mechanism for charge to dissipate is
from the beads into the molecules of gas in the atmosphere. Verifying this mechanism requires a
direct method of detecting charges transferred from already-charged beads into the atmosphere
when the beads come into contact. We hypothesized that the charges transferred to the
atmosphere could be measured by a Faraday Cup opened on one side and placed next to
interacting charged beads. To demonstrate this hypothesis experimentally, the beads were first
charged using the procedure described in Figure 2. Figure 6a shows the experimental setup in
which we placed the charged beads on a dish over an aluminum foil and underneath a Faraday
Cup with its opened side facing the beads.”” During agitation, the beads rolled and collided with
one another, and contact de-electrification occurred. Charges transferred to the atmosphere as a
result of contact de-electrification are collected in the Faraday Cup — we presume by transfer to
the inner surface of the Faraday Cup — and led to a reading in the electrometer. More
specifically, the sequence of steps in this experiment was as follows (Figure 6b): (1) we
grounded the aluminum foil and started recording the charges using the Faraday Cup connected
to electrometer; (2) we inserted the dish (PMMA, 3.5 cm in diameter, neutralized by Zerostat
gun) in the space between the aluminum foil and the Faraday Cup and gradually placed 22
already-charged (Nylon or Teflon) beads into the dish; (3) we shook the dish and the beads with

a motor (amplitude of 9 mm, 4 Hz) for 3 mins; (4) finally, we removed the dish and the beads.

20
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Figure 6. Measurement of charge dissipated into the atmosphere using a Faraday Cup. (a)
Scheme shows the Faraday Cup with one of its sides opened and facing a dish filled with
charged beads. (b) Illustration showing the four sequential steps involved in the experiment. (c)
The plot of the real-time charge measurement (for the case of charged Teflon beads), with
numbers in circle representing the respective sequential steps conducted in the experiment
described in (b). Each “step” indicated in the plot represents the addition of a bead. (d) Results of
measuring differences in charge between step 1 and step 4 for three sets of experiment: with no
beads, 22 Nylon beads and 22 Teflon beads in the dish. These results show that charges

transferred from the charged beads into the gaseous atmosphere (n = 7 for all three experiments).
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Importantly, the beads and dish were not present in both the initial (step 1) and final (step
4) steps. Any difference in charge recorded by the electrometer between steps 1 and 4 thus
represented charges dissipated from the beads into the atmosphere. In this experiment, both
Nylon and Teflon beads lost ~30 % of their initial charge after agitation; ~40 % of the charge out
of this 30 % dissipated (or ~10 % of the initial charge on the beads) was detected by the Faraday
Cup. This result shows that charge transferred (we presume) from the beads to the gaseous
atmosphere, and then to the inner walls of the Faraday Cup (see SI, Section 5 for a discussion on
which charge is not dissipated via the PMMA dish to other solid substrates). A control
experiment was performed by repeating the procedure without any charged beads in the dish; in

this case, no significant charge was measured (Figure 6d).

Theory and Simulation. Equation (1) gives the relationship between the electric field at
the surface of the bead, Es, and the charge on the bead, O, where ¢is the permittivity and R is the

radius of the bead.

__ 9
47eR?

)

S

Since the dielectric breakdown strength of the atmosphere (nitrogen) is ~3.1 MV/m, the
amount of charge storable on the bead at the limit of breakdown is calculated according to Eq.
(1) to be 27 pC/m>. This charge is close to the initial charge on the beads after charging for all
four polymeric materials studied, ~+20 pC/m? (see Figure 3a). When the charged beads come
into contact (Figure 7), the electric field at the region of contact becomes higher and exceeds the
dielectric breakdown strength of the atmosphere. In this case, the charges on the surface of the

beads will transfer to the gas molecules in the atmosphere.
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We simulated the electric field surrounding a bead and two beads in contact (Figure 7b-c)
assuming a constant surface charge density of 20 pC/m2 on the bead using Finite Element
Method (Comsol Multiphysics 4.1). The simulation of a single bead shows that the maximum
electric field surrounding a single bead is lower than the dielectric breakdown strength of the
atmosphere (3.1 MV/m). The simulation of two beads in contact, however, shows a region in
which the electric field exceeded 3.1 MV/m around the area of contact as marked by the region

within the black dashed line (Figure 7c¢).

When the electric field surrounding the beads exceeds the dielectric breakdown strength of
the atmosphere, gas molecules ionize and generate ions (in principle, both positive and negative)
and electrons.” Depending on the electrical polarity of the surface of the beads, one of the two
species, 1.e., positive ions or the electrons, generated from the ionization of gaseous molecules
are attracted to the surface while the other species are repelled from the surface. The charged
species attracted to, and subsequently, deposited on the surface of the beads causes the beads to

discharge.

The liberation of an electron from a neutral gas molecule and the acceleration of the electron
due to the electric field of the beads can result in multiple collisions between the electron and
other gas molecules. These collisions can produce pairs of positive ions and electrons, which can
accelerate and collide with other gas molecules, and thus produce more charged species. This
cascade of collisions multiplies the number of charged species and could, hypothetically,
generate enough charged species to discharge the beads completely (as observed in our
experiments). For a corona discharge from a hemispherical electrode (diameter 1 mm)

maintained at -15 kV, the current density’° measured on a plane electrode placed at 4 cm away is
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~0.5 pA/cmz; this current can discharge a bead of 1/4 inch in diameter (~10" charges/bead) used

in our experiments in ~4 ms.

Controlling Charge by Contact de-Electrification. Contact de-electrification could be used
to control the amount of charge on a solid surface. One advantage of using contact de-
electrification to control the amount of charge is that the discharge process is rapid — discharge
completes in a single contact (as shown by the experiment described in the next paragraph). In
contrast, contact electrification typically requires multiple contacts before the materials charge

up to their steady-state values.

We demonstrated rapid discharge by bringing two charged slabs of Nylon or Teflon (3 cm x
3 cm x 1.5 mm each) into contact. The Nylon (or Teflon) slabs were first charged by rubbing
against another piece of Teflon (or Nylon). After charging the slabs, the two like-charged slabs
were brought into contact manually (by pushing the corners and the center of both slabs together
for ~3 sec to ensure that the entire surfaces of the slabs were contacted), for five times. Charge
measurements using the Faraday Cup (Figure 8) showed that the slabs discharged on the first
contact; subsequent (five) contacts did not alter the charge on the two slabs significantly. A

single contact was thus sufficient to discharge the slabs.

For both Nylon and Teflon slabs, some charges remained on the slabs after contact (Figure
8). This remaining charge, however, could be due to effects unrelated to contact de-
electrification. In a control experiment, Nylon or Teflon slabs initially neutralized by spraying
ions from an antistatic Zerostat gun were brought into contact the same way as the charged slabs.
Results show that the slabs became charged; these charges could thus originate from

tribocharging of the materials when the slabs were manipulated manually.
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Figure 7. Proposed mechanism for contact de-electrification. (a) When charged beads come into
contact, the magnitude of the electric field, E, increases at the point of contact. If E exceeds the
dielectric breakdown strength of the surrounding gaseous atmosphere, charges will dissipate into
the atmosphere, and neutralize the bead at the region of contact. (b-c) Images show the numerical
simulations of the electric field surrounding (b) one bead and (c) two beads in contact where
each bead has a constant surface charge density of 20 pC/m2 (typical charge of the beads after

charging by the procedure described in Figure 2). The black dashed lines in (c) indicate the iso-
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contour lines at which the electric field is 3.1 MV/m, the dielectric breakdown strength of
nitrogen (atmosphere used in the experiments). The area within the dashed lines shows the
region where the electric field exceeds the dielectric breakdown strength of nitrogen — that is, the

region where charges could be transferred into the atmosphere.
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Figure 8. Contact de-electrification is completed in a single contact. When two slabs of like-
charged (“Charged pieces”) Nylon or Teflon came into contact, they discharged on the first
contact. Subsequent contacts (five) showed no further discharge. The charges remaining on the
slabs are probably due to tribocharging of the slabs during contact: control experiments were
conducted on initially neutralized slabs (‘“Neutralized pieces”) by Zerostat gun. These slabs

became slightly charged on contact. (n =7 for all cases)
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CONCLUSION

This study demonstrates that the contact of like-charged polymeric beads can result in loss of
charge; a phenomenon which we refer to as contact de-electrification. Known examples of
discharge in insulating solids as a result of dielectric breakdown include field ionization, partial
discharge and the formation of Lichtenberg figures (or electrical “treeing”), which typically take
place when the solids are placed under a high, external Voltage.29 To our knowledge, this study
presents the first evidence of electrical discharge in like-charged polymers — charged simply by

contact electrification — when they are brought into contact.

We infer that this discharge involves transfer of charge from the charged beads into the
molecules of gas in the atmosphere when the electric field at the point of contact exceeds the
dielectric breakdown strength of the gaseous atmosphere. Importantly, this mechanism implies
that contact de-electrification should be general and perhaps, even universal, to electrostatically
charged insulators — that is, contact de-electrification should occur under any type of gaseous
atmosphere and with any type of material, as long as the electric field at the point of contact
between the materials exceeds the dielectric breakdown strength of the atmosphere. This
implication is compatible with our experiments, in which contact de-electrification occurred for
different types of materials, and under different atmospheric conditions. We expect the same

reasoning to apply to non-polymeric insulators charged to the same polarity.

In order to establish a complete understanding of contact electrification among interacting
particles, it is desirable to construct a theoretical framework that involves all the relevant
mechanisms, including electron transfer, ion transfer, material transfer and contact de-

electrification. An analogy of this theoretical framework is the so-called “population balance
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model”, used for modeling processes such as crystallization and precipitation;31 this model
consists of a partial differential equation which includes sub-processes such as nucleation,
growth, dissolution, aggregation and breakage. By taking into account of all the different
mechanisms that govern nucleation, it is possible to simulate and predict the size distribution of
crystals resulting from different types of flows, with application for a number of large scale
processes.32 We envision the same process could be applied to the flow of granular particles:
through modeling the different processes involved (empirically or semi-empirically), it will be
possible to predict the spatial and temporal distribution of charges of the granular particles in

flowing processes.
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